The abundant growth of molds and thermophilic actinomycetes in stored hay decreases its quality and can be hazardous for the producer who inhales these contaminants when the moldy hay is fed in closed barns. These microbes are responsible for a respiratory disease called farmer's lung. Products, including bacterial cultures that can be inoculated in hay, are available to prevent hay deterioration by molds and bacteria. The aim of this study was to verify the effectiveness of Pediococcus pentosaceus (a bacterial inoculant) in preventing hay deterioration at different humidity levels in a laboratory experiment. Mixtures of grasses (mostly alfalfa, timothy, and clover) placed in plastic bags were treated with the commercially available product (live culture of P. pentosaceus) at 500,000 and 5,000,000 CFU/g of hay and humidified at different levels (20, 25, 30, and 35%). Control batches of hay (untreated) were prepared at the same humidity levels. The growth of inoculated bacteria in hay, pH level, and hay deterioration were evaluated. Under these experimental conditions, the growth of P. pentosaceus was abundant only when it was inoculated in very moist hay (35% moisture), resulting in bacterium levels of 6.3 ؋ 10 8 CFU/g after 30 days. This abundant growth did not prevent the pH from increasing (final pH of about 9.0), nor did it prevent molding. At lower humidity levels (20, 25, and 30%), the bacterial inoculant used did not grow and did not prevent hay deterioration.
Thermophilic actinomycetes, including those responsible for farmer's lung disease (Saccharopolyspora rectivirgula and Thermoactinomyces vulgaris) (12) , and molds (Aspergillus fumigatus) are microorganisms that grow in large quantities in hay that heats when baled at a high (Ͼ20%) moisture level. Farmer's lung disease is a pulmonary affection caused by an allergic reaction to the inhalation of these thermophilic actinomycetes and molds (12) . Farmer's lung typically produces a febrile reaction with shortness of breath, cough, and fever. If not adequately treated, this disease can lead to severe and irreversible lung damage (3) . Many farmers with farmer's lung have to leave the farm (2) . In Quebec, each year about 3 of 1,000 farmers develop farmer's lung. Over 10% of the dairy farmers in humid climates have antibodies against the thermophilic actinomycetes responsible for this disease (4, 9) . Half of these farmers have chronic lung inflammation (5), the significance of which is uncertain (15) .
Hay heats when stored under very humid conditions: heat is generated by the metabolism of living microorganisms (13) . The temperature of molding hay can be very high and can even reach the point of combustion (10, 14) . Heating which occurs when hay is spoiled creates an ideal condition for the growth of thermophilic microorganisms. Although hay should be stored at about 15% humidity for the best conservation, it is often baled at much higher moisture levels. There are many reasons for this: moist hay has less leaf loss (major nutrients are in the leafs), sun drying reduces its quality, and, most importantly, climatic conditions often do not allow adequate drying.
An alternate method to produce hay drying sufficient for adequate conservation is to add preservatives to the highly humid hay. Bacterial and other preservatives are now widely used for this purpose. An ideal hay preservative should prevent heating and mold development over a wide range of moisture contents. Some organic acids used to decrease the pH, particularly propionic acid (1, 13) , and anhydrous ammonia (13) used as a fungicide are known to suppress mold growth in high-moisture hay (30%). Unfortunately, these chemicals have a high corrosive potency and some are very hazardous if inhaled. For these reasons they are now used with moderation. Some bacteria produce lactic, acetic, or propionic acid as a by-product of their metabolism. These could therefore be useful in hay treatment as alternatives to the corrosive and toxic substances. Bacterial inoculants are in fact commercially available and widely used in the treatment of hay and silage (8, 11, 16) . The objective of such treatments is to decrease the pH of stored hay and therefore prevent or decrease the growth of microorganisms that are the cause (molds and bacteria) and the consequence (thermophilic actinomycetes) of hay heating and spoilage. If these lactic bacteria can indeed decrease pH and prevent molding, their use would be of interest as a means not only to better preserve hay but also to decrease the risk of farmer's lung.
Very few studies on the effectiveness of bacterial inoculants as hay preservatives have been reported (13, 14, 16) . Most reports were interested in the nutritive analysis of hay (1) or the effectiveness of these inoculants on silage fermentation (11) . The objectives of this study were therefore to analyze the growth of a bacterial inoculant (Pediococcus pentosaceus) and its effects on the pH and preservation of hay treated under different simulated storage and moisture conditions.
MATERIALS AND METHODS
Hay preparation. Hay composed of a mixture of grasses, mostly alfalfa, clover, and timothy, was used in two experiments. The initial water content of the hay was 40%. Very dry hay (15% moisture) was obtained by air drying at 55ЊC for 6 h. The dry hay was chopped (1-to 4-cm-long pieces). The water content of the hay was determined by microwave drying of hay samples until the weight stabilized (13) . This was done twice because two experiments were performed separately.
Bacterial hay treatment. The bacterial inoculant, P. pentosaceus, was first analyzed to determine the number of colony-forming units per gram of lyophilized culture by diluting and plating a known amount of the culture on MRS agar (6). Forty-gram aliquots of chopped dried hay were put in plastic bags for each of the two experiments. Three bags for each humidity level were prepared (two for treated and one for nontreated hay). An appropriate amount of water, with or without the lyophilized culture, was sprayed onto the hay in the bags to provide 20, 25, 30, and 35% moisture for the treated or untreated (control) hay (13) .
Two different concentrations of bacteria were used in the two separate experiments: 500,000 CFU/g of hay for the first experiment (the supplier's recommended concentration) and 5,000,000 CFU/g of hay for the second experiment. This higher dose was used to verify whether the results obtained with the recommended dose could be altered by adding more bacteria. The bags were zip-locked and left at room temperature (21 to 24ЊC).
Hay analysis. Two 1-g samples (three for control hay) were removed from each bag at days 0, 1, 3, 6, 8, 12, and 30 after the treatment. The samples were placed in 30 ml of sterile saline containing 0.05% Tween 80 and 3 g of glass beads (0.45-mm diameter; Braun, Melsungen, Germany) to increase the friction and make washing more efficient. The initial pH of the washing solution was 7.1. The samples were agitated by vigorous hand shaking for 3 min, and the pH was measured directly from the 30-ml hay suspension.
For treated hay, P. pentosaceus growth was monitored. To obtain statistically valuable bacterial counts, serial dilutions (10 0 to 10 Ϫ6 in sterile saline) were made from the suspension of hay. One hundred microliters of each of these dilutions was plated on MRS agar (6) (Oxoid, Basingstoke, United Kingdom) and incubated aerobically at 30ЊC for 2 to 3 days. This medium, which allows the growth of P. pentosaceus, was supplemented with 0.5 g of cycloheximide per liter (ICN, Mississauga, Ontario, Canada). P. pentosaceus was identified microscopically and finally by using the API 50CH system (Biomérieux, Montréal, Canada).
Treated and untreated hay samples were graded for macroscopic deterioration on a 10-point, subjective scale: 0, mold free; 3, presence of mold spores and dust; 5, presence of mycelia or very abundant spores; 7 to 10, increasing evidence of mold mycelia, spores, watery texture, and discoloration (1, 13).
RESULTS
Growth of the inoculated lactic bacteria. The growths of inoculated bacteria (500,000 CFU/g), expressed in log 10 (recovered colony-forming units per gram of hay), are reported in Fig. 1a . In hay with 20, 25, and 30% water contents, the inoculated bacteria did not grow and the number of viable bacteria rapidly decreased. At day 1, the recovered colony-forming units varied from 1.4 ϫ 10 5 to 1.4 ϫ 10 6 CFU/g of hay. The number of viable P. pentosaceus bacteria then rapidly dropped to less than 3.3 ϫ 10 3 (20% humidity) by day 6. Significant growth of P. pentosaceus was seen in hay containing 35% water, in which the bacteria multiplied up to 6.3 ϫ 10 8 CFU/g of hay during the 30 days. The same results were obtained with 10 times the recommended dose of inoculant (5,000,000 CFU/g of hay) (Fig. 1b) . After 90 days, samples of the treated 35% water-containing hay were analyzed and no more viable P. pentosaceus was detected (data not shown).
Hay pH. Figure 2 shows the pH values of suspensions made with different lots of hay over the study period. The pH progressively increased in all hay samples, treated and untreated. Only the hay with 20% water stayed at a pH near neutrality. Since all the changes in the hay were similar whether high or low bacterial concentrations were used (500,000 or 5,000,000 CFU/g of hay), an average of the results for the two separate experiments was used in Fig. 2 .
Hay deterioration. The photographs shown in Fig. 3 are examples of hay at day 0 and day 30, with or without treatment, stored at 35 or 20% moisture. Note that hay stored at 30% on December 28, 2017 by guest http://aem.asm.org/ moisture showed marked deterioration (score 10), while hay stored at 20% moisture was fairly well preserved (score 3). Hay inoculated with the bacterium at 5,000,000 or 500,000 CFU/g was not different from untreated control samples. Figure 4 shows deterioration scores for treated and untreated hay samples under all experimental conditions over the 30 days of study. Data given are the averages of the two separate experimental results. These data show that it is the initial humidity of the sample, and not the presence or absence of P. pentosaceus, which determines the quality of hay.
DISCUSSION
The results of the present study clearly demonstrate that under our experimental laboratory conditions the addition of P. pentosaceus, a lactic acid-producing bacterium, does not alter the quality of hay. The bacteria, although clearly viable when inoculated, did not grow unless the hay was extremely humid. When they multiplied in this highly humid hay, these bacteria failed to prevent increases in pH and hay deterioration.
Although these results are interesting and may be important, care must be taken in their extrapolation to hay processed under normal farming conditions. Experimental samples were small and kept in closed bags at room temperature, while hay is usually made into large bales and stored as such without plastic covering. Because of the small sample size used in this study, no heating occurred. This is different from what normally occurs during the molding of hay stored in barns. This lack of heating would certainly modify subsequent bacterial or fungal growth. We did not look for the presence of thermophilic actinomycetes in our samples. Since this actinomycete is thermophilic it would not be expected to grow under the experimental conditions used in this study.
Ziploc bags prevent rapid-drying conditions in the hay samples that they contain (13) . One possible effect of this technique is the creation of an anaerobic or low-oxygen-tension environment. Since molds are aerobic, a low oxygen concentration could have decreased their growth. We believe that this effect is, however, unlikely for the following reasons: (i) the bags were relatively large (25 by 20 cm), (ii) the hay was loosely packed, leaving room for more air than hay, and (iii) the bags were frequently opened, especially during the early part of the experiment, allowing adequate supplies of oxygen to enter the bags each time they were opened. Furthermore, mold growth was observed.
P. pentosaceus inoculum would be even less likely to grow when applied by farmers under the standard baling conditions than it was in our experimental design. We uniformly applied the inoculum in the small samples, whereas when applied in a baler, the bacterium is sprayed only between layers of the baled hay. Also, P. pentosaceus is not a thermophilic bacterium; its optimal growth occurs at 25 to 30ЊC. Any early heating would therefore tend to prevent, and not enhance, its growth.
Companies that market bacterial cultures of P. pentosaceus recommend their use to treat hay with a water content of 20 to 25%. However, many farmers use these bacteria in hay with very high (Ͼ30%) moisture contents and presume that inoculation improves preservation (7) . The belief that bacterial hay preservatives are effective may lead farmers to bale hay at unacceptably high moisture levels. This practice could result in poorer hay preservation, inducing more thermophilic bacterial growth and further adding to the risk for farmer's lung. Furthermore, some authors have shown that inoculating a great amount of bacteria can increase the heating by enhancing the microbial activity (13) .
In conclusion, therefore, the results of this study shed doubts on the usefulness and even the safety of using lactic acidproducing bacterial inoculations in the treatment of humid hay. Further studies are needed to verify the growth and efficiency of bacterial inoculations used by farmers under their hay making and storage conditions.
